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SUMMARY

Designs of three waterjet propulsion systems have been developed
for application to amphibious vehicles. The first system was an axial-
flow pump designed to be used in an existing amphibious vehicle, an
LVIP ~7A1 and it shows significant advantages over the existing waterjet

unit in efficiency, thrust output and system weight.

The other two systems were to be used to propel a proposed high-
speed amphibious vehicle. These pumps were designed to provide cavitation-
free performance at propulsive coefficients in the region of 40 to 4§
percent at a vehicle water speed of 20 mph. State-of-the-art composite

material technology was used wherever possible to reduce weight.
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INTRODUCT ION

The U. S. Marine Corps plans to improve the mobility of amphibious
vehicles. One aspect which requires attention is the need to increase
the efficiency of existing waterjet propulsion units, along with improving

the durability and reducing the cost of these units.

Existing waterjet installations in typical amphibious vehicles have
low efficiencites due to numerous design constraints associated with their
» present stern locations. One of the contributors to their relatively poor
performance is the location of the water intakes to an area which is
seriously obstructed by the tracks. Although this is but one influence
on total performance, it is desirable to define the sources of blockage,
[ interference, ventilation, etc., in the intake area of presently installed
waterjets and to then use these results to recommend suitable design changes

which will amelijorate the undesirable effects.

it is also appropriate to consider a redesign of the present waterjet

o units using modern high strength plastic materials being developed by AMRAC
at the Watertown Arsenal. These plastics should have a high resistance

to erosion by sand or debris which can pass through the impeller and hence

result in a more durable and potentially less costly propulsion unit.
This design effort proceeded through the following phases:

1. Feasibility study of composite plastic waterjet

propulsion unit.
(4
2. Design study of a waterjet unit with improved

propulsion efficiency for:
a. An existing slow-speed-in-water amphibious vehicle

b. A proposed high-speed-in-water vehicle
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LN PN A N SRR Y P




BRI

v
[ ]

IR AR S i s

FEASIBILITY STUDY OF
COMPOSITE PLASTIC WATERJET UNIT

In order to evaluate the practicality of constructing a composite
plastic waterjet pump and to obtain expert advice on likely materials
and fabrication methods, discussions were held with Mr. A. Alisio of the
Army Materials Research Laboratory of Watertown, MA and Mr. A. Macander

of the Naval Research & Development Center at Annapolis, MD.

There is no doubt that the concept is well within the state-of-the-
art. Indeed, similar components such as composite plastic pump casings,
impellers and large valves are in production and are used extensively in
many industries. The question is whether the tooling costs, which are
likely to be high, can be justified by the small number of units to be
produced. This question can only be answered by obtaining cost estimates

from manufacturers for specific components.

On the basis of advice received so far, the propeller duct, Figure 1,
would be layed up of 'pre-preg' fabric over a male mold or perhaps filament-

wound. The propeller, support strut, rudder bearings and other small parts

would be injection or transfer molded.

While composites of carbon fiber with polyurethane resin have been
recommended because of their stiffness and abrasion resistance, it appears
that components similar to those shown in Figure 1, have been fabricated
successfully using glass fibers with a variety of other resins such as

acetal, polycarbonate, epoxy, etc., and that these composites should be

investigated further.
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DESIGN OF WATERJET PROPULSION SYSTEM
FOR LVTP-7A1 AMPHIBIOUS VEHICLE

The general objective was to design an axial flow pump, two of which
would generate sufficient thrust to propel an existing amphibious vehicle -
an LVTP-7A1 - at a cruise speed of 8 mph with a propulsive efficiency

higher than that of the existing propulsor.

Figure | shows the configuration of the proposed propulsion system
in the aft end of an LVIP-7Al. A 20-inch diameter impeller is to be housed
in a horizontal cylindrical duct, and water would be drawn from the track
well through a horizontal rectangular inlet. There is a transition from
the 8 sq ft horizintal inlet area to a 22~inch by 24-inch vertical opening,
and thence to the 20-inch nominal diameter of the cylindrical duct. A

rudder and a reversing elbow are located at the duct outlet.

For purposes of calculating system performance, the impeller is assumed
to be a marine screw propeller with wide tips, having a blade area ratio
that is commercially available. Reference 1 presents open water characteris-
tics of such a screw propeller in an axial cylinder. Figure 2 shows charts
adapted from Reference | (Figures 28 and 29, respectively).
A matrix of design calculations involving the primary variables of
pump input power, pump flow rate, and vehicle speed was completed to deter-
mine:
(a) The pump head rise which can be produced by a given pump
input horsepower for a range of flow rates.
(b) The pump head rise at which cavitation begins to affect
pump performance at given vehicle speeds for a range of
flow rates.

{c) The pump head rise required to produce a given flow rate

through the duct system over a range of vehicle speeds.




k R-2328 SR
LA

15 S
Ka 4-70 SCREW SERIES IN AXIAL CIRCULAR CYLINDER I
10 - ':‘.:}_'.:-‘

10Kg

s

o i
L
o %
- “
® {
i - 3
0 ! - - d
0 02 94 06 08 10 12 14 1§ 10 @
Ja e L
nC .
Fig. 28 Results of open-water tests with Ka 4-70 screw series in an axial cylinder
16 T T T —T T -
Ka4-70 SCREW SERIES IN AXIAL CIRCULAR CYLINDER -w. 2 4
[ ! | R
14 ' ‘ I ] j‘:'::-?':-
' s } ‘ L
;4;»..,...4
S
>.,

FP.}

n0

‘ig. 29 Relation between velocity of “screw + cylinder’’ combination aad velocity in
cylinder

FIGURE 2 ''SCREW~IN-CYLINDER'' DIAGRAMS (REFERENCE 1)




AR A il St et ca e i e el R SIS A
R RN RSN I T

®

Appendix A presents the details of these calculations. 6 P

Figure 3 is a chart of pump head Hp versus flow rate Q in the form

in two families of curves showing the results of calculations (b) and 5}
(c) above, with vehicle speed as a parameter. Equilibrium flow rate and =
pump head rise were determined for a given vehicle speed at the intersection ® =

of the Required Hp and Available Hp curves for that speed.

Figure 4 is a chart of Hp versus Q showing results of calculations

(a) and (c) above, with input power SHP and vehicle speed VO, respectively,

.l

as parameters of the two families of curves. Entering Figure 4 with the
equilibrium flow rate for a given speed from Figure 3, permits the deter-

mination of input power SHP required at equilibrium.

from the equilibrium flow rate Q cu ft/sec and the exit duct area, -
the exit jet velocity VJ was calculated. Jet thrust T, the time rate of
change of fluid momentum, was then determined:

T = OQ(VJ - V)

o t

The ratio of output power, TVO/SSO, to input SHP was then the propulsive

coefficient, P.C. o

Having determined hydrodynamic loads, required input power, and
propeller operating conditions, a structural analysis of propeller, shaft, .-
rudder and duct was performed to determine required sizes, Finally, o
weight estimates were made assuming (a) aluminum construction and (b)

composite materials construction of the waterjet system.

From known characteristics of the existing waterjet system in the
LVTP-7A]1 amphibious vehicle, the following comparison was developed:

Existing Proposed
System System

At 8 mph: Thrust, Ib 2369 2846 L
Flow, gpm 14020 33346 B
P. C. .25 .30

At 0 mph: Thrust, 1b 3025 4278

Dry Weight, 1b 435 284 (aluminum) =
197 (composites)
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L DESIGN OF PROPULSION PUMP SYSTEM . L
FOR HIGH-SPEED AMPHIBIAN S

The general objective was to design an axial flow pump suitable

for use in a multiple unit waterjet propulsion system in a high-speed °

amphibious vehicle to achieve a 20 mph speed.

Figure 5 shows an elevation sketch of such a unit which would draw
water through a 42 inch x 20 inch rectangular port in the flat bottom of C
the amphibian. The flow then passes through a 24 inch x 20 inch inlet to ‘ L ] ;
a short transition and finally through a cylindrical duct with a nominal e

diameter of 20 inches in which the 20 inch diameter pump impeller is .§¥:Q,

located. L
e e
For purposes of calculating system performance, the pump impeller ?'!
was assumed to be a marine screw propeller with wide tips and a largest i}gx
commercially-available blade area ratio. Appendix B presents details of i;fk
calculations of: l‘v‘.f

(a) Pump head rise versus flow rate for selected input powers,

i.e., power~limited head rise.

(b) Pump head rise versus flow rate for selected vehicle speeds,

such that pump performance is not affected by cavitation,

i.e., cavitation-limjited head rise.

(c) Pump head rise versus flow rate for selected vehicle speeds

required to overcome system head losses.

These calculations made use of propeller performance data in cylindri- R

cal ducts, Figure 2 (from Reference 1), and a curve of inlet ram pressure o
recovery ratio in Appendix B, page B-22, ‘fzf
9

Equilibrium flow rate and pump head rise were determined, for a

given vehicle speed, at the intersection of the curve of cavitation-limited

head rise with the corresponding curve of head rise required to overcome

system head losses.
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h Knowing the equilibrium head rise and flow rate Q at a given :"-_1::1'?-3
vehicle speed, calculation procedure (a) was used to determine input n!.a .
power SHP. Jet thrust T was calculated after finding jet velocity from PR
Q and the exit duct area. Finally, at a given vehicle speed, the ratio
of thrust horsepower output to input SHP gave propulsive coefficient P.C.

Having determined hydrodynamic loads, required input power and
propeller operating conditions for cavitation-free performance with an ﬂ;flff

area ratio of 1,0, structural analyses of propeller, shafting and

O

casing were performed to determine required sizes. Then weight estimates R
were made assuming (a) an aluminum casing, and (b) a composite-materials
casing; aluminum alloy shafting and Ni-Al bronze propeller were used in

each case. Selected performance characteristics were:

' . B L . PR
A ST T .
e e AT
et e A L ) A

At zero mph: Thrust 4507 1b

At 20 mph Thrust 2365 1b
Flow 40,080 gpm
Input SHP 284 hp
P.C. 445

Composite construction of the casing reduced the dry weight of the waterjet

system to 169 Ib from a 239 1b weight for aluminum construction.

11
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DESIGN OF 15-INCH DIAMETER PROPULSION
PUMP SYSTEM FOR HIGH-SPEED AMPHIBIAN

The general objective was to design an axial flow pump suitable
for installation in a multiple unit waterjet propulsion system in a

high-speed amphibious vehicie to achieve a 20 mph speed.

Figure 6 is an elevation sketch of the proposed unit which would
draw water through a 314 inch x 15 inch rectangular port in the flat
bottom of the amphibian. The flow then passes through an 18 inch x
15 inch inlet to a short transition and finally through a cylindrical
duct with a nominal diameter of 15 inches in which a 15 inch diameter

pump impeller is located.

This 15 inch diameter impeller is to provide at least the same
propulsive thrust as the 20 inch diameter propeller described in the
previous section because the same vehicle is involved. To meet this
loading requirement requires a significant increase in impeller blade
area ratio if cavitation is to be avoided. Thus, the calculations in
Appendix C include consideration of projected area ratios, PAR = 1.0,
1.5, 2.0, 2.5 and 3.0. By contrast the largest commercially available
PAR is about 1.0.

Assuming a projected area ratio of 3.0 as an upper limit for extended
cavitation-free operation, structural analyses of propeller, shaft and

ducting were performed to determine required sizes. Weight estimates

were made assuming {a) aluminum casing, and (b) a composite materials
casing; Acquamet 22 shafting and Ni-Al bronze impeller were used in
each case. Selected performance characteristics were: '3‘__4
At zero mph: Thrust, 1b 5,403 -
At 20 mph: Thrust, 1b 3,703 S
Flow, gpm 30,120 O
Input SHP L62 »
P.C. 428 "]
Composite construction of the casing reduced the dry weight of the . f}
waterjet system to 134 1b from a 167 1b weight for alumipum construction. ffif
The next step in design would require consideration of available » T

engine powers, and the thrust needed to overcome vehicle drag in order

to settle on a practical area ratio for the impeller. e

12
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APPENDIX A

OBJECTIVES:

O Design a replacement propulsion system for an LVTP-7Al

amphibious vehicle.

O Determine performance, weight and dimensional characteristics

of propulsion system,
O Use simple ''propeller-in-tube' approach

O Limit blade area ratio to that available is existing propeller

series.

O Investigate use of composite materials.
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Fig. 29 Relation between velocity of “'screw + cylinder’* combination and velocity in e
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Fig. 30 Relation between thrust coeflicient Cr and thrust ratio v of nozzle no. 194 [
figure have been obtained by substituting nozzles If the radial displacement of the strcamlines is RN
with different length-diameter ratios by systems small, we can consider the streamlines as lying S
of annular vortexes and calculating the induced approximately on cylindrical planes. If internal S
velocities in the screw disk, friction and turbulence are neglected, the radial
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Fig. 28 Results of open-water tests with Ka 4.70 screw series in an axial cylinder

been obtained from the experiments with the Ka
4-70 screw series in an axial circular cylinder and
from the application of the momentum theorem

From the comparison of the axial velocitics ob
tained with these methods, we sce that

1 The velocities agrec reasonably well at high
loadings of the ducted propeller system (Cr > 1)

2 The difference betweep the axial velocitive

hecomes very large at low loadings (Cr < 1)
In regard to the second conclusion, the following
remark vy be made. From Fig. 13 it can be
seen that the nozzle dray; due to friction becomes
subctinti b at low loading- of the ducted-prapeller
sveton e itis no Tavecr pormiitted to neglect
the eficet of friction on the force action between
nozzle and fluid.

The design of a screw in a nozzle may now be
carried out as follows:

With given thrust T or power P, intake vclocity
V,, and nuinber of revolutions n, the B, and con-
sequently the optimum diameter coefficient D can
be determined with the aid of open-water test
results of the nozzle considered, in comnbination
with a systematic screw serics (sce, for instance,
Fig. 24). In addition, the thrust coeflicicnt Cr
and the propeller thrust-total thrust ratio r can
be determined. With the aid of the cxperiments

Analysis of Ducled-Propeller Design

of the systematic screw series in the axial aircular
cylinder or using the momentum theorem. the
axial velocity Vp in the way of the screw can be
found. In addition, the mean axial velocity in
the vicinity of the screw due to the nozzle action,
U7y, and due to the screw action Up, can be cal-
culated.

Tl Jressure difference created by the screw
beeoies

T
+ (01— d)

in arder to avoid an excessive loading of the
inner radii of the screw blades, the usual assump-
tion for axial pumps tHat the head is constant for
all radii is abandoned. The following radial
Ap(r/R) distribution is suggested for the screws
in nozzle no. 19a:

Ap(r/R) = [4.88 — 4r/R)-[r/R — 0.133]4p

The radial distribution of the axial and tan-
gential velocities at the screw may be approxi-
mated as follows:

A rcasonable radial distribution of the axial
velocities due to the nozzle action can be deter-
minced from Fig. 32. The results given in this

545
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[
APPENDIX B
®
OBJECTIVES:
O Determine performance, weight and dimensional characteristics
® of a propulsion pump, about the same size as the PJ-16, for
use in a high-speed (20 mph) amphibian.
O Use simple '"propeller-in-tube'" approach.
o
O Limit blade area ratio to that available in existing propeller
series.

e O Investigate use of composite materials.
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Fig. 29 Relation beiween velucity of “screw + cylinder'* combination and velocity in
cylinder
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Fig. 30 Relation between thrust coeflicient €1 and thrust rano 1 of nozzle no. 19a

figure have been obtained by substituting nozzles It radial displacenient of the sticamlines s
with different length-diameter ratios by syst@ns  <inull, we can consider the streamlines as lying
of annular vortexes and calculating the induced approxunately on cylindrical planes.  If internal
vefocities in the screw disk. friction and turbulence are neglected, the radial
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Fig. 28 Results of open-water tests with Ka 4-70 screw series in an axisl cylinder

been obtained from the experiments with the Ka
4.70) screw series in an axial circular cylinder and
from the application of the momentum theorem.

From the comparison of the axial velocities ob-
tained with these methods, we see that

1 The velocities agree reasonably well at high
loadings of the ducted propeller system (Cr > 1).

2 The difference between the axial velocities

becomes very large at low loadings (Cr < 1).
In regard to the second conclusion, the following
remark may be made. From Fig. 13 it can be
seen that the nozzle drag due to friction becomes
substantial at low loadings of the ducted-propeller
system. Then, itis no longer permitted to neglect
the effect of friction on the force action between
nozzle and fluid. '

The design of a screw in a nozzle may now be
carried out as follows:

With given thrust T or power P, intake velocity
V,, and number of revolutions n, the B, and con-
sequently the optimum diameter coefficient D can
be determined with the aid of open-water test
results of the nozzle considered, in combination
with a systematic screw serics (see, for instance,
Fig. 24). In addition, the thrust coefTicient Cy
and the propeller thrust-total thrust ratio r can
be determined. With the aid of the cxperiments

Analysis of Ducled-Propeller Design

%4/ ;(ANE&«/
B-21

of the systematic screw series in the axial circular
cylinder or using the momentum theorem. the
axial velocity V, in the way of the screw can be
found. In addition, the mean axial velocivy in
the vicinity of the sgrew due to the nozzle action,
Uy, and due to the screw action Up, can be cal-
culated.

Thé pressure difference created by the screw
becomes

T,

Ap = ————m
+ (01— d)

In order to avoid an excessive loading of the
inner radii of the screw biades, the usual assump-
tion for axial pumps that the head is constant for
all radii is abandoned. The following radial
Ap(r/R) distribution is suggested for the screws
in nozzle no. I19a:

Ap(r/R) = [4.88 ~ 4r/R]-[r/R — 0.133)8p

The radial distribution of the axial and tan-
gential velocities at the screw may be approxi-
mated as follows:

A recasonable radial distributirn of the axia)
velocities due to the nozzle action can be deter-
mined from Fig. 32. The results given in this

545
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INLET VELOCITY RATIO

(Laboratory Water Channel Test of Z-inch Eye Diameter Waterjet Inlet Mocels)
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APPENDIX C

OBJECTIVES:

O Determine performance, weight and dimensional characteristics

of a propulsion pump suitable for a multiple unit '"tailgate"

installation, using a 15-inch diameter impeller, in a high-

speed (20 mph) amphibian.

. T '
R
PN U DR S S S

O Use simple "propel ler-in-tube' approach. - ."

O Examine higher blade area ratios than available in existing Lffi{

propeller series data.
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figure have been obtained by substituting nazzles If the sadial displacenment of the strcamlines is SRR
with different length-diameter ratios by systems  small, we can consider the streamlines as lying R

If internal SRR

approxinately on cylindrical planes.

of unnular vortexes and calculating the induced !
friction and turbulence are neglected, the radial

velocities in the serew disk.
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Fig. 28 Results of open-water tests with Ka 4-70 screw series in sn axial cylinder

been obtained from the experiments with the Ka
4-70 screw series in an axial circular cylinder and
from the application of the momentum theorem.

From the comparison of the axial velocities ob-
tained with these methods, we see that

1 The velocities agree reasonably well at high
loadings of the ducted propeller system (Cr > 1).

2 The difference between the axial velocitics

becomes very large at low loadings (Cr < 1).
In regard to the second conclusion, the following
remark may be made. From Fig. 13 it can be
seen that the nozzle drag due to friction becomes
substantial at low loadings of the ducted-propeller
system. Then, it is no longer permitted to neglect
the effect of friction on the force action between
nozzle and fluid. t

The design of a screw in a nozzle may now be
carried out as follows:

With given thrust T or power P, intake velocity
V., and number of revolutions n, the B, and con-
sequently the optimum diameter coefficient D can
be determined with the aid of open-water test
results of the nozzle considered, in combination
with a systematic screw scrics (see, for instance,
Fig. 24). In addition, the thrust coeflicient Cy
and the propeller thrust-total thrust ratio r can
be determined. With the aid of the cxperiments

of the systematic screw series in the axial circular
cylinder or using the momentum theorem. the
axial velocity V, in the way of the screw can be
found. In addition, the mcan axial velocity in
the vicinity of the screw duc to the nozzle action,
Uw, and due to the screw action U,, can be cal-
culated.

Th& pressure difference created by the screw
becomes

T
Ap = ——— T
m
o (D= d)
In order to avoid an (xcevive londing of the
inner radii of the screw blades, the vl assump-
tion for axial pumps that the head s constunt for

all radii is abandoned. The following radial
Ap(r/R) distribution is suggested for the screws
in nozzle no. 19a:

Ap(r/R) = [4.88 — 4r/R]-Ir/R — 0.133)Ap

The radial distribution of the axial and tan-
gential velocities at the screw may be approxi-
mated as follows:

A rcasonable radial distribution of the axial
velocities due to the nozzle action can be deter-
mined from Fig. 32. The rcsults given in this

Analysis of Ducted-Propeller Design 545
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